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ABSTRACT 

Ionizing radiation (IR) produces direct two-ended 
DNA double-strand breaks (DSBs) primarily 
repaired by non-homologous end joining (NHEJ). It 
is, however, well established that homologous 
recombination (HR) is induced and required for 
repair of a subset of DSBs formed following IR. 
Here, we find that HR induced by IR is drastically 
reduced when post-DNA damage replication is 
inhibited in mammalian cells. Both IR-induced 
RAD51 foci and HR events in the hprt gene are 
reduced in the presence of replication polymerase 
inhibitor aphidicolin (APH). Interestingly, we also 
detect reduced IR-induced toxicity in HR defi- 
cient cells when inhibiting post-DNA damage repli- 
cation. When studying DSB formation following IR 
exposure, we find that apart from the direct DSBs 
the treatment also triggers formation of secondary 
DSBs peaking at 7-9 h after exposure. These sec- 
ondary DSBs are restricted to newly replicated 
DNA and abolished by inhibiting post-DNA damage 
replication. Further, we find that IR-induced RAD51 
foci are decreased by APH only in cells replicating at 
the time of IR exposure, suggesting distinct differ- 
ences between IR-induced HR in S- and G2-phases 
of the cell cycle. Altogether, our data indicate that 
secondary replication-associated DSBs formed fol- 
lowing exposure to IR are major substrates for 
IR-induced HR repair. 



INTRODUCTION 

Ionizing radiation (IR) induces a broad range of DNA 
damage, including modifications on bases and sugars, 
interstrand crosslinks, DNA single-strand breaks (SSBs), 
clustered damage and direct DNA double-strand breaks 
(DSBs) (1). The direct DSB, with two free DNA ends, has 
been a focus for investigations for decades, since it is con- 
sidered to be the most critical DNA lesion. If not repaired 
correctly, DSBs may lead to chromosomal rearrangements 
resulting in genomic instability or cell death (2). Apart 
from the direct DSB, the one-ended DSB has also been 
described and is formed as a result of stalled DNA repli- 
cation and subsequent replication fork collapse (3). 

Non-homologous end joining (NHEJ) and homologous 
recombination (HR) are two distinct pathways repairing 
DSBs. Cells deficient in either pathway exhibit increased 
sensitivity to IR (4-8) and extensive studies have 
attempted to determine under what circumstances either 
of the two pathways is favoured in the repair of DSBs. It is 
now well established that NHEJ represents the major 
pathway for repair of direct two-ended DSBs throughout 
the cell cycle (8,9). NHEJ performs rapid repair in a 
homology independent process involving factors such as 
DNA-PKcs/Ku70/Ku80 and DNA LigaseIV/XRCC4/ 
XLF (10,11). HR has been shown to be involved in the 
repair of more complex and persisting two-ended DSBs 
(8), in particular repair of two-ended DSBs produced 
in heterochromatin regions in cells in the G2-phase of 
the cell cycle (12). A growing body of evidence also 
supports HR as the most important pathway for repair 
of replication-associated one-ended DSBs formed at 
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collapsed replication forks (13-16). It has been demon- 
strated that the one-ended DSB is resected to produce 
y ssDNA overhangs triggering RAD51 -dependent HR 
repair that may result in sister chromatid exchange 
(SCE) (13,17,18). 

The substrate for IR induced HR is still poorly defined 
and requires further investigation. In this study, we find 
that the induction of HR following exposure to IR 
decreases drastically when inhibiting post-DNA damage 
replication. When further investigating the formation of 
DSBs we find that, apart from the formation of direct 
DSBs, secondary replication-associated DSBs form 
~7-9h after exposure. The formation of these DSBs is 
abolished by inhibiting post-DNA damage replication 
and they also exhibit prolonged repair time in HR defi- 
cient cells. Based on these findings, we propose secondary 
DSBs as an important substrate for IR-induced HR. 

MATERIALS AND METHODS 

Cell lines and cell culture 

AA8 is a Chinese hamster ovary (CHO) cell line. U20S is 
a human osteosarcoma cell line with wild-type p53 and 
RB protein (19,20). The V-C8 cell line, derived from the 
V79 Chinese hamster lung fibroblast cell line, has a 
mutation in the BRCA2 gene resulting in impaired HR 
(21). The restored cell line V-C8 + B2 is complimented 
with human BRCA2. AA8, U20S, V-C8 and V-C8 + B2 
cell lines were all cultured in Dulbecco's modified 
Eagle's medium (DMEM) containing 9% foetal calf 
serum and penicillin-streptomycin (90U/ml), at 37°C 
in and 5% C0 2 atmosphere. The SPD8 cell line carries 
a mutation in the hprt gene and was cultured and used 
for determination of recombination frequencies as 
described in (22). 

Ionizing radiation exposure 

Cells were y-irradiated in a Cs 137 chamber with a dose rate 
of either 6.47 or 0.40 Gy/min. 

Recombination in SPD8 cells 

A total of 1 x 10 6 cells were inoculated into 100 mm dishes 
in medium 24 h before irradiation with gamma rays ( 137 Cs 
irradiator). Immediately after irradiation, the cells were 
allowed to recover for 4h in the presence or absence of 
0.5 jiM of aphidicolin (APH) (Sigma). After treatment, the 
cells were released by trypsinization and counted. HPRT + 
revertants were selected by plating 3 x 10 5 cells per dish in 
the presence of HAsT (50 uM hypoxanthine, lOuM 
L-azaserine and 5 uM dT). To determine cloning efficiency, 
two dishes were plated with 500 cells each. The colonies 
obtained were stained with methylene blue in methanol 
(4g/l), after 7 (in the case of cloning efficiency) or 
10 (for reversion) days of incubation. 

Immunofluorescence 

Cells were plated onto coverslips 24 h before irradiation. 
After irradiation, the cells were allowed to recover for 4 h 
or incubated in the presence of 0.5 uM APH for 4 h. In the 



case of labelling, cells were pulse labelled with EdU 
for 20min. All cells were rinsed and fixed in 4% parafor- 
maldehyde at room temperature for 30 min. EdU staining 
was performed according to manufacturer's protocol 
(CLICK-iT EdU 488, Invitrogen). Subsequently, cover- 
slips were stained with a rabbit polyclonal antibody 
oc-RAD51 (H-92, Santa Cruz), mouse monoclonal 
oc-CENP-F (Abeam) or mouse monoclonal antibody 
oc-yH2AX (Upstate), secondary fluorescent antibodies 
and counterstained with Topro. Cells with more than 
10 foci were counted as positive. The threshold of 
10 foci was used to minimize the background as control 
cells often displayed a low number of foci. Background 
levels of control cells displaying less than 10 foci were 
estimated to -20% for RAD 51 and 25% for yH2AX. 
The frequencies of cells containing foci were determined 
in three separate experiments. At least 200 nuclei were 
counted on each slide. 

Toxicity assay 

V-C8 and V-C8 + B2 cells were plated in 25 cm 2 flasks 24 h 
prior to irradiation with indicated doses. Immediately 
after irradiation, cells were treated with 0.5 uM of APH 
for 4h or left to recover for 4h at 37°C. Next, cells were 
trypsinized and seeded in different densities onto 1 00 mm 
dishes. Cells were grown for 10 days and then fixed and 
stained with methylene blue in methanol (4g/l). Colonies 
of more than 50 cells were counted and the surviving 
fraction for each dose was calculated. 

Pulsed-field gel electrophoresis 

Flasks of 25 cm 2 were inoculated with 10 6 cells 48 h prior to 
treatment with IR. In the case of homogeneous DNA 
labelling, cells were incubated with [ 4 C]-thymidine 
(0.48 jiM, 0.925 kBq/ml) in media for 24 h before treatment. 
For pulse labelling of the replication forks, cells were 
incubated with [ 14 C] -thymidine (4.8 uM, 9.25 kBq/ml) in 
media 0.5 h prior to treatment. This was followed by irradi- 
ation with 50 Gy (137Cs, 7.1 Gy/min). Cells were harvested 
immediately after irradiation or after indicated incubation 
time, in 37°C, 5% C0 2 . Agarose plugs were prepared as 
previously described (23). Quantification was done in 
Image Gauge software (FLA-3000, FujiFilm). Three indi- 
vidual experiments were performed for each setup. 

RESULTS 

IR-induced homologous recombination is reduced 
by post-DNA damage replication inhibition 

The well-documented link between HR repair and 
replication-associated lesions (13-16,24) urged us to inves- 
tigate the relationship between IR-induced HR and 
replication. To study this, we started out by measuring 
IR-induced recombination with or without post-IR 
addition of APH, a DNA polymerase inhibitor that effi- 
ciently reduces DNA incorporation (Figure 1A). By 
adding APH, we prevent further elongation of replication 
forks active after IR treatment, i.e. post-DNA damage 
replication. We measured recombination frequencies in 
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Figure 1. Reduced IR-induced HR by replication inhibition with APH. (A) EdU incorporation (green) visualized by immunofluorescence in 
AA8 cells ±4-h treatment with replication inhibitor aphidicolin (APH). (B) HR frequencies induced in the hprt gene in SPD8 hamster cells 
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the hprt gene using the established HR-assay (22) 
involving the SPD8 cell line derived from the Chinese 
hamster cell line V79. In this assay, a functional hprt 
gene gives HAsT resistance, which may be selected for in 
a clonogenic survival assay. Cells were exposed to 
indicated doses of IR and thereafter allowed to recover 
for 4h with or without the addition of APH inhibiting 
post-DNA damage replication. Interestingly, we found 
that the addition of APH following irradiation effi- 
ciently reduced IR-induced recombination frequencies 
(Figure IB). To further investigate the HR response, we 
continued by fixing cells at 4 h following IR treatment and 
stained for the recombination protein RAD51. As 
expected, IR exposure efficiently induced RAD51 foci 
and increased the fraction of RAD51 positive cells 
(Figure 1C). However, when cells were incubated with 
APH during the 4-h recovery time after IR we found the 
treatment to cause a drastic decrease in the amount of 
RAD51 foci positive cells (Figure 1C). Treatment with a 
higher dose of APH for 4h alone resulted in increased 
RAD51 foci formation, demonstrating that APH itself 
does not impair RAD51 recruitment (Supplementary 
Figure SI). 

The above results lead us to further investigate the dis- 
tribution of RAD51 foci in replicating cells following 
exposure to IR. For this, AA8 cells were labelled with a 
20-min EdU pulse directly following IR exposure to 
visualize cells that were replicating at the time of the treat- 
ment. When quantifying RAD51 foci 4-h post-IR, we 
found that EdU-labelled cells were RAD51 positive to a 
very high degree. In contrast, EdU negative cells were only 
~30% RAD51 positive (Figure ID and E) indicating that 
RAD 51 foci primarily form in cells that are replicating at 
the time of IR exposure. The cells negative for EdU and 
positive for RAD51 foci likely represent cells being in the 
G2-phase of the cell cycle at the time of exposure. To 
determine whether the reduction of RAD 51 foci by inhib- 
ition of post-damage replication is selective for replicating 
cells, we sorted cells according to being in S- or G2-phase 
at the time of the treatment. Firstly, cells were labelled 
with EdU, exposed to IR and then fixed following 4h of 
incubation with or without APH. Cells were stained for 
RAD 51 and the G2-marker CENP-F, a factor that asso- 
ciates with the kinetochore during the G2-phase of the cell 
cycle (25). Cells displaying EdU labelling and CENP-F 
staining were sorted as S-phase cells and cells showing 
only CENP-F staining were regarded as cells in G2. In 
agreement with our previous results, we found RAD51 
foci to be highly induced in S-phase cells and this induc- 
tion to be reduced by the presence of APH during post-IR 
incubation (Figure IF and G). The level of RAD 51 foci 



was also increased in G2-cells (statistically significant 
P = 0.03; Figure 1G), in line with the notion that HR is 
involved in repairing two-ended DSBs induced by IR in 
G2-cells (12). However, in contrast to what was found for 
S-phase cells, we could not detect any decrease of IR- 
induced RAD51 foci in G2-cells when inhibiting post- 
DNA damage replication with APH (Figure 1G). 
Altogether, our data indicate distinct differences between 
IR-induced HR in S- and G2-phases of the cell cycle. 

Post-DNA damage replication inhibition rescue 
IR-induced DNA damage and toxicity 

We next set out to determine what effect the drastic 
drop in HR events following post-DNA damage replica- 
tion inhibition represented. Cells deficient in HR exhibit 
increased sensitivity to IR when in S- or G2-phases of 
the cell cycle (8,26). To test what effect inhibition of 
post-DNA damage replication may have on survival fol- 
lowing exposure to IR, we determined clonogenic 
survival of the HR deficient V-C8 cells (BRCA2 mut ) 
and BRCA2 restored V-C8 + B2 cells. Exponentially 
growing cells were exposed to increasing doses of IR 
and thereafter allowed to recover with or without the 
addition of APH during 4h. For the restored cell line 
V-C8 + B2, expressing a functional BRCA2 gene, the 
addition of APH only marginally increased the survival 
following IR treatment. In contrast, we found that the 
increased toxicity to IR in HR deficient V-C8 cells could 
be partially reversed by the addition of APH 
(Figure 2A). The D 37 (the dose where 37% of cells 
survive) increased by 50% in HR defective cells with 
the addition of APH, while the increase was only 
6.5% in restored cells (Figure 2A). 

The reduced toxicity suggests that inhibition of post- 
DNA damage replication protects cells from certain 
damage following exposure to IR. We continued by deter- 
mining formation of yH2AX foci that are known to form 
at sites of DNA damage and more specifically at DNA 
DSBs (27,28). For this experiment, the human osteosar- 
coma cell line U20S was used because of the low back- 
ground level of yH2AX in these cells. The cells were fixed 
at 4-h post-irradiation with 10 Gy, the time point previ- 
ously used for measuring RAD51 foci. At this time point, 
we found most of the irradiated cells to be positive for 
yH2AX foci. When adding APH during the 4-h recovery 
time we found that the fraction of cells positive 
for yH2AX foci decreased (Figure 2B and C). The same ef- 
fect by APH treatment was also observed in V-C8 
cells determined by western blot detection of yH2AX 
(Supplementary Figure SID). This indicates that the 
amount of DNA damage is lower at 4h following 



Figure 1. Continued 

by y-radiation ±0.5 uM APH. (C) Quantification of RAD 51 foci positive SPD8 cells 4h following exposure to 10 Gy ± 0.5 uM APH. 
(D) Quantification of RAD51 foci in EdU positive and negative AA8 cells 4h following exposure to 10 Gy. (E) Representative image of 
anti-EdU (green) and anti-RAD51 (red) stained AA8 cells 4h following exposure to 10 Gy. Merge with DNA (blue) in image furthest to the 
right. (F) Representative images of AA8 cells stained for EdU (green), RAD51 (red) and CENP-F (blue) exposed to either lOGy or 
10Gy+0.5uM APH. (G) Quantification of RAD 51 positive S-phase cells (EdU positive, CENP-F positive) and G2-cells (EdU negative, CENP-F 
positive) 4h following exposure to 10Gy± 0.5 uM APH. Averages of at least two independent experiments are represented, error bars show SE. 
Statistical significance was determined using Student's /-test, n.s. = non-significant, **P<0.01. 
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Figure 2. Replication inhibition reduces toxicity and DNA damage 
formation. (A) Survival in V-C8 and V-C8 + B2 cells after y-radiation 
±0.5uM APH. (B) Representative images of anti-yH2AX stained 
U20S cells 4h after exposure to lOGy ± 5 uM APH. (C) Quantification 
of yH2AX positive cells 4h following exposure to 10Gy± treatment 
with 5uM APH. Cells with more than 10 yH2AX foci were scored as 
positive. Average of four individual experiments are represented, error 
bars show SE. Statistical significance was determined using Student's 
/-test, **P<0.01. 



irradiation when post-DNA damage replication is in- 
hibited, possibly correlating to a decreased amount of 
DSBs formed. 



Formation of secondary replication-associated 
DSBs in response to IR 

The collision of post-DNA damage replication forks with 
persisting DNA damage may give rise to replication- 
associated one-ended DSBs (3). Although such DSBs 
have not been demonstrated after IR-induced damage 
it has been speculated that these may form and constitute 
substrates for HR repair (29). Given the observed 
reduction in yH2AX foci we reasoned that post-DNA 
damage replication inhibition may prevent formation of 
a fraction of DSBs formed in association with replica- 
tion. This prompted us to further investigate the DSB 
formation following IR with a modified pulsed field gel 
electrophoresis (PFGE) assay previously described for 
detection of hydroxyurea induced DSBs (23). Here, 
AA8 cells were incubated in media containing 14 C-TdR 
for either 24 h to label DNA genome-wide or for 0.5 h to 
pulse label only nascent DNA at progressing replication 
forks. Cells were irradiated with 50 Gy, a relatively high 
dose that is required because of the low resolution of 
PFGE. Cells were allowed to repair and DSB formation 
was subsequently determined by PFGE at indicated time 
points (Figure 3 A and B). We found that the majority of 
genome-wide DSBs, detected either by ethidium bromide 
(EtBr) staining or 24 h 14 C-TdR autoradiography, were 
repaired within 3 h following IR (Figure 3A), which is in 
line with previous results (8,12). Interestingly, DSBs in 
nascent DNA was not detected directly following irradi- 
ation but appeared during the repair time and peaked 
~7-9h after IR treatment (Figure 3B — right panel). 
This enrichment in DSBs could not be detected in 24-h 
labelled DNA and quantification of induction and repair 
patterns for genome-wide and replication associated 
DSBs show markedly different profiles (Figure 3C 
and D). 

IR induces checkpoint activation resulting in inhibition 
of origin firing and a prolonged S-phase (30-32). FACS 
analysis confirms that cells are blocked in S-phase at the 
7-h time point (Figure 3E). However, replication forks are 
not subjected to checkpoint mediated inhibition as repli- 
cation rates measured with the DNA fibre technique 
(Supplementary Methods) were unaffected by IR treat- 
ment (Supplementary Figure S4). As post-DNA damage 
replication forks continue to elongate, it is likely that they 
will encounter persisting DNA damage which may result 
in replication associated one-ended DSBs 

A sub-Gl fraction was also detected with FACS 
analysis at the 24- and 48-h time point (Figure 3E). To 
rule out the possibility that apoptotic DNA fragmenta- 
tion influenced the levels of DSBs visualized by PFGE, 
we quantified IR induced apoptosis. We could not find 
that cells were positive for apoptosis before the 24-h time 
point following irradiation (Supplementary Figure S2). 
Still, it cannot be excluded that DNA fragmentation con- 
tributes to the total amount of DSBs between 24 and 
48 h. At these late time points, distinct low-molecular 
weight fragments appear clearly on the gel (Figure 3A, 
right panel) which is the likely result of apoptotic 
cleavage of DNA. 
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Figure 3. Formation of secondary replication-associated DSBs. Detection of DSB formation by PFGE in AA8 cells allowed to repair for indicated 
time following 50 Gy y-irradiation. (A) Gel displaying genome-wide DSB formation visualized by EtBr staining (left panel) and autoradiography of 
24-h 14 C-TdR-labelled DNA (right panel). (B) Gel displaying either genome-wide DSBs visualized by EtBr staining (left panel) or DSBs in nascent 
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DNA from AA8 cells irradiated with 50 Gy. Averages of three independent experiments are depicted, error bars show SE. (E) Representative image 
from FACS analysis of cell cycle progression in AA8 cells following exposure to 50 Gy. 



Formation of secondary replication-associated DSBs is 
dependent on post-DNA damage replication and 
accumulates in HR deficient cells 

As the inhibition of post-DNA damage replication with 
APH highly reduces recombination frequencies and also 
affects yH2AX foci formation following IR, we wanted to 
study the effect of APH on the DSBs visualized on PFGE. 
We labelled AA8 cells with 14 C-TdR for 0.5 h, after which 
they were y-irradiated with 50 Gy. APH was added 
directly after irradiation and cells were harvested follow- 
ing 2 or 7 h of repair. Although APH did not markedly 
affect overall induction or repair of IR-induced DSBs, as 
observed by EtBr staining, it completely abolished the 
release of pulse 14 C-TdR-labelled DNA fragments 



(Figure 4A), demonstrating that the formation of DSBs 
in nascent DNA following IR requires elongating replica- 
tion forks (post-DNA damage replication). 

Because APH both abolish the secondary DSBs formed 
following IR and reduce the toxicity in HR deficient cells 
we were curious to find out if the secondary DSBs are in 
fact substrates for HR. We continued by investing the 
amount of DSBs in 0.5-h 14 C-TdR-labelled DNA in 
V-C8 and V-C8 + B2 cells. We could detect an enhanced 
accumulation of DSBs in the HR deficient V-C8 cells 
compared to the restored V-C8 + B2 cells (Figure 4B) 
where the relative amount of DNA damage was signifi- 
cantly higher at the 14-h time point (Supplementary 
Figure S3 A). This indicates a decreased repair capacity 
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in the HR deficient cells for the secondary DSBs although 
any increased formation or reduced repair of genome-wide 
DSBs could not be detected in V-C8 cells (Supplementary 
Figure S3B). 

In summary, the findings presented here point to a pro- 
gressive formation of replication-associated secondary 
DSBs that is separate from the formation of direct DSBs 
following exposure to IR. These secondary DSBs are de- 
pendent on replication elongation for formation and 
require HR for efficient repair. 



DISCUSSION 

In this study, we investigate the substrate for IR-induced 
HR. The sensitivity of HR deficient cells following 
exposure to IR has previously been attributed to an in- 
ability of error-free repair of direct two-ended DSBs in 
the S- and G2-phases of the cell cycle. The evidence for 



HR repair of direct two-ended DSBs is derived from 
studies using the rare-cutting I-Scel endonuclease 
(33,34). Although IR-induced two-ended DSBs are a 
substrate for HR in mammalian cells in the G2-phase 
(12), it is not clear how common this substrate is for 
HR. Here, we report that the recombination response 
following IR is drastically reduced when post-DNA 
damage replication is inhibited, as both RAD51 foci 
formation and recombination frequencies following IR 
exposure were markedly decreased with the addition of 
replication polymerase inhibitor APH. Importantly, this 
is not a consequence of APH treatment itself, as an 
increased dose of APH triggered RAD51 foci 
(Supplementary Figure SI) and prolonged treatments 
with APH has been reported to induce HR (14,35). 
The decrease in RAD51 foci formation was observed 
specifically in cells present in S-phase at the time of IR 
treatment and could not be detected when studying 
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G2-cells. This suggests that HR induced in the S-phase 
fraction of cells is distinct from HR induced in the 
G2-phase of the cell cycle. Furthermore, with PFGE 
we observe the release of nascent DNA fragments at 
7-9 h after IR exposure, demonstrating formation of sec- 
ondary DSBs. This formation is entirely dependent on 
post-damage replication elongation as it is prevented by 
APH treatment. These findings show that both forma- 
tion of secondary replication-associated DSBs and HR is 
highly reduced when post-DNA damage replication is 
inhibited following IR exposure. Together, this 
suggests that the secondary DSBs are in fact a major 
substrate for IR-induced HR, which is in line with 
one-ended DSBs formed at replication forks commonly 
being repaired by HR (13-16). The secondary DSBs ac- 
cumulate to a certain degree in HR deficient cells but are 
eventually repaired indicating a role for NHEJ in repair 
of one-ended DSBs as a possible back-up pathway. This 
is consistent with NHEJ deficient cells also being sensi- 
tive to the induction of one-ended DSBs by 
camptothecin (13). 

The contribution of replication-associated DSBs to the 
total amount of DSBs formed following IR exposure has 
previously been discussed (29). IR induces a complex 
damage pattern with formation of SSBs, base lesions 
and clustered damage. Clustered damage, in particular, 
has been shown to persist and to be repair resistant (36). 
If DNA damage is not removed, it will inevitably be 
encountered by progressing replication forks during 
S-phase. DNA fibre experiments show that replication 
elongation speed is not broadly affected by exposure to 
IR (Supplementary Figure S4), which is in line with 
previous results (31). This indicates that blocking lesions 
are not frequently encountered following IR. However, 
the collapse of a few replication forks would not affect rep- 
lication rates globally but could still have great impact on 
cell survival because of the severity of complex DSBs. In 
this study, we found that the addition of APH following 
IR reverses a major part of the increased IR toxicity in 
HR deficient cells. The fact that this effect can only be 
detected in HR deficient cells indicates that replication- 
associated DSBs are efficiently repaired by HR in profi- 
cient cells. 

Large structures such as replication bubbles migrate 
poorly on PFGE (24) and we have therefore considered 
the possibility that the replication-associated DSBs 
detected here are merely IR-induced direct DSBs that 
become visible in PFGE after replication bubbles are 
cleared. There are, however, several observations suggest- 
ing that this is not the case. First, the majority of direct 
IR-induced DSBs will already be repaired at the 7- or 9-h 
time points after treatment, when a large portion of the 
nascent DNA is emerging in the damaged DNA. 
Secondly, the repair profile of nascent DNA shows a 
decrease in damaged DNA from 9- to 24-h time points 
that cannot be observed in the profile of the direct 
DSBs. Furthermore, we scored yH2AX foci, whose detec- 
tion is not limited by replication bubbles and which are 
also identified at damaged replication forks (37). We 
found that the number of yH2AX foci present 4h after 
IR treatment is reduced when inhibiting post-DNA 



damage replication with APH. Since we observe that 
APH does not affect DSB repair as such, these data 
suggest that the overall levels of induced DSBs are lower 
when secondary DSBs cannot be formed at progressing 
replication forks. 

The reason for DSBs not to appear in nascent DNA at 
early time points may be because the formation of 
replication associated DSBs is delayed. Stalling of replica- 
tion with hydroxyurea induces DSBs in a time dependent 
manner (14,37) indicating that DSB formation at replica- 
tion forks may not be an instant process. Formation of 
DSBs at replication forks have been reported to require 
processing by endonucleases such as MUS81 (38,39). 
This processing may be time consuming and also be 
limited by only taking place in a specific stage of the cell 
cycle. 

Altogether, this study shows that exposure to IR results 
in the formation of replication-associated secondary DSBs 
that provide important substrates for IR-induced HR. 
Here, we studied RAD51 foci formation both in repli- 
cating S-phase and non-replicating G2-cells, at the time 
of IR treatments. Although the same amount of 
IR-induced DNA damage is produced in all cells, inhib- 
ition of post-DNA damage replication prevented the for- 
mation of RAD51 foci in the replicating S-phase cells but 
not in G2-cells. This suggests that HR induced in the 
S-phase fraction of cells is separate from HR induced in 
the G2-phase of the cell cycle. Based on our findings, we 
propose a model where HR repair is involved in S-phase 
following conversion of IR-induced DNA damage on the 
replication template to one-ended DSBs, as well as in a dis- 
tinct repair of two-ended DSBs in G2-phase (Figure 5). 
Furthermore, the toxicity of replication-associated 
damage following IR treatment in HR deficient cells 
reported here is an important aspect that may be 
explored to enhance the treatment of cancer. 



No HR HR in repair of HR in repair of 
one-ended DSBs two-ended DSBs 



NHEJ in repair of two-ended DSBs 

Figure 5. Model for DSB repair following IR during stages of the cell 
cycle. NHEJ is the major repair pathway for two-ended DSBs directly 
induced by IR and takes place throughout the cell cycle. HR is mostly 
active in S- and G2-phase when sister chromatids are present. During 
S-phase, progressing replication forks may encounter IR induced 
damage resulting in fork collapse and formation of one-ended DSBs 
that require HR repair. HR is likely also involved in the repair of a 
fraction of direct two-ended DSBs formed in S-phase when the sister 
chromatid is available as template. In the G2-phase, HR is involved in 
repair of a subset of two-ended DSBs utilizing the intact sister chro- 
matid as template. 
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